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The coupling between single photon emitters and integrated photonic circuits is an emerging topic
relevant for quantum information science and other nanophotonic applications. We investigate the
coupling between a hybrid system of colloidal quantum dots and propagating gap modes of a silicon
nitride waveguide system. We furthermore explore the density of optical states of the system by
using a scanning probe technique and find that the quantum dots couple significantly to the photonic
circuit. Our results indicate that a scalable slot-waveguide might serve as a promising platform in
future developments of integrated quantum circuitry.
The guidance, interference and detection of light from
single photon emitters on a scalable platform is of utmost
importance for the development of different nanopho-
tonic and quantum technological applications such as
quantum repeaters, quantum memories and quantum
computation. One of the main challenges to realize such
a scalable platform is to efficiently capture the emission
from single emitters onto a photonic integrated circuit
in which the light guidance and interference takes place
with low loss.
Most high-efficiency demonstrations have been realized
in solid state systems in which the quantum emitter is
directly embedded into the solid state host, e.g. defects
in diamond or gallium arsenide host materials formed as
cavities or waveguides [1–3]. However, the fabrication
as well as the deterministic positioning of single emitters
in these systems is highly nontrivial, and it is therefore
interesting to consider alternative approaches based on
heterogeneous (or hybrid) systems where the emitter and
photonic integrated circuit constitute different material
platforms [4].
One example is to use a metallic circuit where the sin-
gle photon emitter is placed in the vicinity of a highly
localized plasmonic field of a metallic structure, thereby
largely changing the emission dynamics of the emitter
and in some cases direct it into a propagating mode of
the plasmonic system [5–7]. While significant advances
have been demonstrated, e.g. a Purcell enhancement
of approximately 1000 [8], propagation of single plas-
mons in small circuits [9] and single emitter excitation
of modes at the interface between metals and dielectric
structures [10], the efficient coupling to a low-loss plas-
monic system has yet to be realized.
To minimize the losses of the hybrid system, it might
be more promising to explore the coupling of emitters to
dielectric waveguides. Such a coupling and subsequent
photonic propagation and linear optical manipulation has
been demonstrated in multiple experiments [11–18]. In
this article we explore an approach to emitter-waveguide
interaction based on the coupling of colloidal quantum
dots to the mode formed in the gap between two Silicon
Nitride (SiN) waveguides.
The integrated platform employed in this work is
schematically illustrated in Fig 1(a). It comprises an
optical emitter placed in the gap of two optical dielec-
tric waveguides where the choice of material was SiN due
to its low propagation losses and its CMOS compatibil-
ity. The waveguide structure supports two transverse-
magnetic (TM) photonic modes with parallel (TMp) and
anti-parallel (TMap) electric field components, as illus-
trated in Fig. 1b. Only the parallel mode TMp is sig-
nificantly located in the gap between the waveguides and
due to this localization, we expect a strong interaction
between the waveguide structure and an embedded emit-
ter to occur in the gap. The interaction strength can be
quantified by the decay rate enhancement ΓTMp/Γ0 and
the mode coupling efficiency β = ΓTMp/(Γ0 + ΓTMp),
where ΓTMp and Γ0 are the decay rates of the emit-
ter when placed in the gap and in vacuum, respectively.
For waveguide dimensions of 250nm × 175nm (width x
height) and a gap size of 30nm, we obtain an enhance-
ment of the decay rate by almost a factor of four which
means that around 80% of the emitters fluorescence will
be captured by the propagating gap mode (see left plot
of Fig. 1(c) [19]. The actual fabricated waveguide ge-
ometry is however slanted as shown in the right plot of
Fig. 1c. In such a system, the mode localization in the
gap decreases and hence the expected coupling rate is
lower. For the dimensions shown in the figure, we can at
most expect an enhancement in the decay rate of a factor
about two and β ≈ 60%.
The waveguides were fabricated by depositing a layer
of SiN on a fused silica substrate using low power chemi-
cal vapor deposition, followed by electron beam lithogra-
phy and dry etching. Scanning electron microscope im-
ages of the fabricated slanted waveguide structures are
shown in Fig. 1(d). The cross sectional dimensions are
similar to the one simulated in Fig. 1(c) and the length
is 15µm. We interrogate the system using the confocal
microscope schematically shown in Fig. 2. For the exci-
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2FIG. 1. Coupling emitters to a gap mode in a Silicon Nitride
(SiN) waveguide system. (a) Schematic drawing of the het-
erogeneous system comprising a single emitter inside the gap
of a waveguide. (b) Electric field, |E|, distribution of the two
transverse magnetic waveguide modes of SiN. It is only the
TMp mode (right hand side) that fills the gap. (c) Simula-
tion result for the change in the decay rate of the emitter in
the TMp mode, ΓTMp/Γ0, for perfectly parallel waveguides
(left) and the slanted waveguide (right). (d) Scanning elec-
tron microscopy image of the waveguide in full size (left) and
a zoom (right) where the slanted walls become visible. The
scale bars are: (b) 400nm, (c) 200nm, (d) 10µm left hand
side and 300nm right hand side.
tation of the quantum dots we used a continuous wave
(cw) or a pulsed laser operating at the wavelength of
532nm and the fluorescence emission from the sample
is collected by two optical channels and detected with
avalanche photo diodes. One of the channels is aligned
with the excitation laser while the other one can be
scanned using galvanometric mirrors, thereby allowing
for fluorescence imaging with a fixed excitation spot. We
used an oil immersion objective with a numerical aper-
ture of 1.4 to focus and collect the light. For experiments
on measuring the quantum dot emission, we inserted a
532nm notch filter with a 15nm bandwidth to block the
excitation laser. We first investigate the propagation of
gap modes excited by cw green laser light. As illustrated
in Fig. 3(a), we launch the green laser beam into the
gap mode by focusing the light onto the end facet of the
FIG. 2. Schematic of the experimental setup. See text for de-
scription. AFM: Atomic force microscope. TAC: time to am-
plitude converter. APD1 and APD2: avalanche photo diode
detection channel 1 and 2, respectively. g:galvanometric mir-
ror. BS:50-50 beam splitter. HWP:half waveplate. F: Notch-
Filter with low transmission at 532± 15nm.
waveguide system. Due to the structural asymmetry at
the end facet, photons are scattered from the laser beam
into the waveguide modes and propagate along the sys-
tem to its distal end at which it scatters the photons out.
A zoom of the emitted light indicates three emission spots
associated with the TMp mode of the waveguide system.
This experiment verifies the existence and propagation of
a gap mode. As also illustrated in Fig. 3(a), when shin-
ing light onto the middle of the waveguide, the mode was
not excited and thus the ends of the waveguide remained
dark.
As a next step we wish to excite emitters inside the gap
and explore the coupling to the gap mode. We use core
CdSe colloidal quantum dots of size 2.6nm− 3.0nm dis-
solved in toluene and at room temperature emitting light
in a broad spectrum with a center wavelength around
565nm (see emission spectrum in Fig. 3(b)). The dot so-
lution was ultra-sonicated for 2 minutes before being spin
coated onto an ultra clean waveguide sample. We used
20µL of the quantum dot solution while spinning with a
speed of 1000 rpm which was increased to 8000 rpm after
10 s. The final sample contained an ensemble of quantum
dots continuously distributed along the gap, as confirmed
by a confocal scan of the system.
The confocal scans presented in Fig. 3(c) illustrate our
results on coupling emitters to the gap mode. We excite
the emitters either at the end or in the middle of the
waveguide structure using the cw green excitation beam
while scanning an area of 20µm× 20µm from which the
fluorescence light is measured (the green light was fil-
tered out in this experiment using a notch filter). It is
clear that some of the fluorescence light is captured by
the waveguide gap modes, propagates along the gap and
is re-emitted at the ends. It is also clear that when we
excite the emitters at the end of the waveguide, a part
3FIG. 3. Characterization of the system. (a) A white light
microscope image of the waveguide when green laser light
is focused onto the end (upper image) or the middle (lower
image) of the waveguides. (b) Photoluminescence spectrum
of the CdSe colloidal quantum dots. (c) Confocal map of
the system under green light excitation where the excitation
is performed onto the end (left image) or the middle (right
image) of the waveguide. The scale bars are 8µm both.
of the green light is also launched into the gap mode
and thus emitters are excited along the gap. This ef-
fect is not significant when exciting the emitters at the
center of the waveguide as in this case the excitation
beam is not coupled into the waveguide. It means that
it is possible to convert the excitation beam into a prop-
agating waveguide mode before it excites the emitters
at a location that is remote to the excitation location.
To investigate whether the dynamics of the emitters is
changed due to the coupling to the waveguide mode, we
conducted some lifetime measurements of the emitters.
However, since the density of emitters in the gap was
large, we could not conclude from the acquired measure-
ments whether a change in lifetime is due to coupling to
the actual gap mode or simply due to the high density of
quantum dots [20–22]. To avoid these density-dependent
effects we performed measurements with a few emitters
using a scanning-probe fluorescence lifetime imaging mi-
croscope [23, 24], by which an image of the emitter’s life-
times across the waveguide system could be constructed
with nanometer scaled spatial resolution. We include the
functionality in our setup by coaxially aligning the silicon
cantilever tip of an atomic force microscope (AFM, NT-
MDT SMENA) to the focused excitation laser in our con-
focal microscope, as schematically illustrated in Fig. 2.
In our realization, we scanned the waveguide sample in
the transverse plane while operating the AFM in tap-
ping mode and collected fluorescence photons through
the objective towards the apparatus measuring the flu-
orescence counts and the lifetime. With this technique
we were able to make a nanoscaled map of the lifetimes
associated with a few emitter attached to the AFM tip in
varying environments in which the local optical density
of states changes. Emitters were deposited onto the can-
tilever tip by dragging it in contact mode through a re-
gion with a high concentration of CdSe quantum dots on
a reference sample. After removing the AFM cantilever
from the region of quantum dots, we observed emitter
fluorescence when exciting the tip alone, thus confirm-
ing that a few quantum dots have been picked up. Us-
ing this tip and changing back to the waveguide sample
cleaned with de-ionized water, we produced a real image
and a fluorescence image of the waveguides as shown in
Fig. 4(a). We note that the count rate is much lower atop
the waveguides than at the substrate base. This observa-
tion we attribute to the fact that in the close vicinity the
waveguides modify the quntum dot emission and lower
the coupling to the objective.
We next investigate the potential coupling of the quan-
tum dots to the waveguides by exploring the lifetimes of
the quantum dots across the waveguide structure. To-
wards this end, we carry out a 1µm × 4µm scan of
the quantum dots across the waveguide system and si-
multaneously record a topographic, a fluorescence and a
lifetime image. The results are illustrated in Fig.4(c-f).
Note that these measurements are performed with the
AFM operating in tapping mode which means that the
cantilever oscillates with an amplitude of approximately
70nm (with a frequency of 178 kHz) in a direction or-
thogonal to the scanning plane. The measured results
are therefore averaged over these oscillations. We also
note from the measured results in Fig. 4(c-d) that the
fluorescence image was displaced from the topographic
image by approximately 1µm. This is caused by the fact
that the quantum dots were not attached exactly at the
apex of the cantilever tip but at the side of the tip (which
was confirmed by a further investigation with scanning
electron microscope, see Fig. 4(g)).
To estimate the lifetimes, we simulate the decay mech-
anism by employing a three level model which accounts
for phonon decays followed by photonic decay. The decay
pattern could be modelled as [25]
Itot(t) = I1(t) + I2(t) + Ioffset, (1)
where
Ii(t) = Ai
kph,iki
−ki + kph,i (−e
−(t−τ0)/τph,i +e−(t−τ0)/τi). (2)
Here, Ai is the amplitude, τi = 1/ki and τph,i =
1/kph,i are the lifetimes associated with the photonic and
phononic decays, respectively. The lifetime for the sys-
tem was then defined as Itot(τd) = e
−1Itot(t = τ0). The
4FIG. 4. Characterization of the hybrid quantum dot-
waveguide system using the scanning probe technique. (a)
An optical image of the entire waveguide structure. Inset: A
fluorescence image of the same system. (b) Fluorescence de-
cay curve, where blue circles are experimental data while the
red curve is a fit with a multi-explonential function with life
time τd. (c) AFM height measurement of the waveguide. (d)
A fluorescence image of the quantum dot while it is scanned
across the waveguide. (e) Lifetime measurements of the quan-
tum dots as they are scanned across the waveguide. (f) Life-
time measurement averaged along the y-direction in (e). (g)
A scanning electron microscope image of the cantilever tip
with quantum dots on the side of the tip indicated by the
green circle. The scale bar is 5µm.
offset, Ioffset, is found by averaging the counts before
the arrival of the excitation pulse at τ0. Fig. 4(b) shows
an example of a lifetime measurement where we have
fitted the multi-exponential function in Eq. (1) to the
experimental data [26, 27]. In Fig. 4(e) and (f) we plot
the measured lifetimes, τd, across the waveguide struc-
ture. It is clear that the lifetime and thus the quan-
tum dot dynamics is modified due to the presence of the
waveguides. The lifetime is decreased by up to a factor
of approximately 1.5, thus indicating a significant cou-
pling to the waveguide. However, it is also clear that
the strongest coupling does not occur in the gap between
the waveguides as expected. The missing coupling in
the gap is due to the fact that the cantilever blunted
by the multiple scans performed throughout the experi-
ment (see Fig. 4(g)) and that the quantum dots are posi-
tioned at the side of the tip and hence the quantum dots
may not go into the gap during the scan. On the other
hand, the quantum dots will get very close to the outer
wall of one of the waveguides as the cantilever is scanned
across. This explains the asymmetry of the lifetime scan
in Fig. 4(e-f). Therefore, although we have not experi-
mentally proven a strong coupling between the emitter
and the gap mode, the emitter is clearly coupling signif-
icantly to the waveguiding system. This indicates that
a single quantum dot embedded into the gap will be ef-
ficiently coupled to the gap mode. To observe a change
in the lifetime of the quantum dots coupled to the gap
mode, it is critical to be able to attach the quantum dots
exactly at the apex of the cantilever tip. This turned out
to be a huge challenge with the current system since we
have no means of observing in real time the attaching
process. An effective solution that will facilitate the pro-
cess and measurement is to combine the AFM and the
confocal microscope with a scanning electron microscope.
This would allow real-time imaging of the attaching pro-
cess and at the same time monitoring the fluorescence
from the quantum dots. In conclusion, we have explored
the interaction of quantum dots with modes of a photonic
waveguide system. In particular, we have demonstrated
the excitation of propagating waveguide modes by quan-
tum dots, and we have witnessed an efficient coupling
between the two systems. As an outlook, we suggest to
improve the controllability in assembling the system, to
reduce the size of the gap for increasing the coupling rate
and to test the system with single stable emitters such as
single quantum dots or color centers in diamond. Once
developed, the platform can potentially serve as a build-
ing block for scalable nanoscale photonics [28], quantum
dot based bio-analysis [29] and scalable quantum infor-
mation processing [30].
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